Object. One hundred seventy-two children with high-grade astrocytomas were treated by members of the Children's Cancer Group in a prospective randomized trial designed to evaluate the role of two chemotherapy regimens. Seventy-six percent of the patients (131 children) in whom a diagnosis of either anaplastic astrocytoma or glioblastoma multiforme was confirmed by central pathological review are the subject of this report. The vast majority of tumors were supratentorial: 63% (83 tumors) in the superficial cerebral hemisphere, 28% (37 tumors) in the deep or midline cerebrum, and only 8% (11 tumors) in the posterior fossa. A significant association was detected between the primary tumor site and the extent of resection (p < 0.0001). A radical resection (> 90%) was performed in 37% of the children: 49% of the tumors in the superficial hematoma and 45% of tumors in the posterior fossa compared with 8% of midline tumors. Tumor location could also be used to predict the need for both temporary and permanent cerebrospinal fluid (CSF) diversion. Half of the deep tumors and 8% of the hemispheric astrocytomas ultimately required a permanent CSF shunt.
Methods. Patients were stratified according to the extent of tumor resection (biopsy [< 10%], partial resection [10-50%] , subtotal resection [51-90%] , near-total resection [> 90%], and total resection) as determined by surgical observation and postoperative computerized tomography scanning. Information on contemporary neurosurgical management was obtained from the patient's operative records and standardized neurosurgical report forms.
The vast majority of tumors were supratentorial: 63% (83 tumors) in the superficial cerebral hemisphere, 28% (37 tumors) in the deep or midline cerebrum, and only 8% (11 tumors) in the posterior fossa. A significant association was detected between the primary tumor site and the extent of resection (p < 0.0001). A radical resection (> 90%) was performed in 37% of the children: 49% of the tumors in the superficial hematoma and 45% of tumors in the posterior fossa compared with 8% of midline tumors. Tumor location could also be used to predict the need for both temporary and permanent cerebrospinal fluid (CSF) diversion. Half of the deep tumors and 8% of the hemispheric astrocytomas ultimately required a permanent CSF shunt. Improvement in preoperative neurological deficits and level of consciousness was seen in 36% and 34% of the children, respectively. New or increased deficits were present in 14% of the children, with 6% experiencing a diminished sensorium after surgery. Postoperative nonneurological complications were rare, infection, embolization, and CFS fistula each occurring in 1.7% of the children.
Univariate and multivariate analyses demonstrated that radical tumor resection (> 90%) was the only therapeutic variable that significantly improved progression-free survival (PFS) rates. For all patients with malignant astrocytomas, the distributions of PFS rates were significantly different (p = 0.006) following radical resection compared with less extensive (¾ 90%) resection. The 5-year PFS rates were 35 ± 7% and 17 ± 4%, respectively. The differences in the distribution of PFS rate were significantly different for the subsets of patients with anaplastic astrocytoma (p = 0.055) and glioblastoma multiforme (p = 0.046). The 5-year PFS rates for anaplastic astrocytoma were 44 ± 11% and 22 ± 6% for cases in which the tumor was radically resected and less than radically resected, respectively; whereas the 5-year PFS rates for glioblastoma multiforme were 26 ± 9% and 4 ± 3% for cases in which the tumor was radically resected and less than radically resected, respectively.
Conclusions.
The demonstration of a survival advantage provided by radical resection should prompt neurosurgeons to treat malignant pediatric astrocytomas with aggressive surgical resection prior to initiation of radiotherapy or adjuvant chemotherapy.
Key Words * anaplastic astrocytoma * brain neoplasm * extent of tumor resection * glioblastoma multiforme * survival rate * children Central nervous system tumors are the second most common form of neoplasia to affect the pediatric population and the third leading cause of death in children younger than 16 years of age. [29, 43, 45] There are approximately 1800 new pediatric brain tumors in the United States annually, with malignant gliomas constituting 6.5% of the intracranial neoplasms of childhood. [1, 5, 13, 14, 43] These tumors have traditionally carried a poor prognosis, similar to adult tumors. Children with glioblastomas multiforme (GBM) have a dismal outcome, with 5-year survival rates ranging from 5 to 15%. [14, 34, 40, 46] Children who have anaplastic astrocytoma (AA) fare better, with a 20 to 40% long-term rate of survival. [34, 40, 46] Leptomeningeal dissemination has been noted to occur in approximately 5 to 20% of children with malignant astrocytomas, especially in those with tumors located adjacent to the ventricles and in patients with recurrent disease. [15, 48] The optimal surgical management of malignant astrocytomas is controversial. Although the need for tissue diagnosis and the efficacy of debulking tumor for relief of mass effect in symptomatic patients is universally accepted, the effect of aggressive cytoreductive surgery on patient survival time is unclear. Radical tumor extirpation is intuitively logical and recommended by most neurosurgeons who treat children and adults; [2, 3, 12, 15, 22, 25, 26, 34, 40, 42, 50, 51] however, recent literature reviews, focusing primarily on adult patients, have failed to demonstrate a significant survival benefit of radical tumor resection. [10, 30, 35, 41, 44] Previous reports in which the influence of the extent of tumor resection on malignant astrocytomas has been examined have been retrospective studies in which the influence of other prognostic variables or the vagaries of surgical and perioperative management have not been consistently considered. [35] The Children's Cancer Group (CCG)-945 trial is a prospective chemotherapy protocol for children with AA or GBM, which is stratified according to the extent of surgical resection. We report data we have obtained and review the current neurosurgical management of malignant astrocytomas of childhood and the influence of the extent of tumor resection on survival time.
CLINICAL MATERIAL AND METHODS
Between April 1985 and May 1990, 172 children between 2 and 21 years of age with histologically confirmed malignant brain astrocytomas were entered into and randomized according to the CCG-945 protocol. Children with intrinsic brainstem tumors were excluded from this study. Study entry occurred within 4 weeks of surgery and the institution's pathological diagnosis. After stratification according to the extent of tumor resection, patients were randomized to receive one or two chemotherapy regimens: eight-drugs-in-1-day ("8-in-1") chemotherapy [37] or a combination of prednisone, lomustine, and vincristine. No patient had received radiation or chemotherapy before study entry. All children underwent local field radiation therapy. Centralized pathological review of the disease was performed after study entry and randomization. The details of this protocol, including compliance with radiation and chemotherapy, have been previously reported. [17] 
Neurosurgical Management and Outcome
The patient's neurosurgical report forms and operative records were reviewed to determine contemporary surgical management. The parameters examined included: tumor location, extent of tumor resection determined by surgical observation and postoperative computerized tomography (CT) or magnetic resonance (MR) imaging, operative instrumentation and technique, cerebrospinal fluid (CSF) diversion, and perioperative medications. The patient's postoperative neurological status and nonneurological complications present 1 week after surgery were documented.
The extent of tumor resection was qualitatively determined by the operating surgeon combining intraoperative observations with interpretation of postoperative contrast-enhanced CT or MR images. Resection was defined as biopsy (< 10% resection) or as partial (10-50%), subtotal (51-90%), near-total (> 90%), or total resection. A tumor removal that constituted more than 90% was considered a radical resection.
Statistical Analysis
Overall survival (OS) and progression-free survival (PFS) times were the primary endpoints of the study. For patients whose therapy failed, PFS was defined as the time between randomization and tumor progression (clinical and/or radiographic) or death without progression. Patients who survived free of progression were censored as of the last date of contact. Analyses for this report were based on data available as of March 1997. Follow up of randomized patients has been outstanding. No patient was censored in the first 4 years and only two patients were censored in the first 6 years. Survival data were available for all children in the study; however, the analyses of OS and PFS times are restricted to patients with centrally reviewed and confirmed AA or GBM. The parameters analyzed included patient age, gender, and race, tumor location (superficial cerebral hematoma, deep or midline cerebrum, or posterior fossa), presence of metastatic disease, histological characteristics of the tumor (AA or GBM), extent of surgical resection, chemotherapy regimen, and the estimated volume of enhancing tumor on postoperative CT scans based on serial cross-sectional measurements (>= 1.5 cm compared with < 1.5 cm maximum diameter).
Durations of PFS and OS were measured from the date of patient randomization to the date at which progressive disease was detected or the date of death or last contact as appropriate. Distributions of PFS and OS durations were estimated using the technique of Kaplan and Meier. [27] Standard errors of the Kaplan-Meier estimates were calculated as suggested by Peto and coworkers. [38, 39] Comparisons between the distributions of PFS rates were made using a stratified Mantel-Haenszel statistic. [33] A Cox lifetable regression model [11] was used to evaluate simultaneously the prognostic importance of patient gender, race, and age, the extent of tumor resection, histological characteristics of the tumor, and the tumor's primary site of involvement within the group of children with a centrally reviewed pathological diagnosis of AA or GBM.
RESULTS
Clinical characteristics of the patient population are shown in Table 1 . The median age at study entry was 10.1 years (range 21 months-19 years). There were no statistical differences between patients randomized to the two treatment regimens on the basis of gender, race, age, primary tumor location, or the presence of metastatic disease at diagnosis. [17] 
Pathological Diagnosis
Centralized neuropathological review confirmed the diagnosis of AA or GBM in 131 patients. The cases of three patients were not reviewed; 14 patients had other high-grade tumors, and the review diagnoses in 24 were consistent with low-grade gliomas. This report is based on the 131 patients in whom a confirmed diagnosis of AA or GBM was made.
Operative Technique
Operative techniques included craniotomy with a free bone flap in 59% of cases, craniotomy with an osteoplastic flap in 22%, burr hole in 10%, and a craniectomy in 9% of cases. Craniectomy was only performed for infratentorial tumors. The dura was closed primarily in 79% of cases with an additional graft in 6%; it was left partially or completely open in 14% of cases. The instrumentation commonly used during surgery included magnification (microscope in 36% of cases and loupes in 15%), pin-fixation head holder (44%), ultrasonic aspirator (42%), diagnostic intraoperative ultrasound (18%), and laser (6%). Three drugs were frequently administered as perioperative medications: glucocorticosteroids (96% of cases), mannitol (59% of cases), and furosemide (19% of cases).
Tumor Location and Resection
The vast majority of tumors were supratentorial in location: 63% (83 tumors) in the superficial cerebral hemispheres, 28% (37 tumors) in the deep or midline cerebrum, and only 8% (11 tumors) in the posterior fossa (Tables 1 and 2 ).
Among the cerebral hemisphere tumors, only 15 of 83 were polar in location (Table 1) . A significant association was detected between the primary tumor site and the extent of surgical resection (p < 0.0001). A radical resection (> 90%) was performed in 37% of the children; this constituted 49% of the tumors in the superficial hemisphere and 45% of the tumors in the posterior fossa compared with 8% of the midline tumors ( Table 2) .
Diversion of CSF
Tumor location was used to predict the need for both temporary and permanent CSF diversion. Preoperative or intraoperative ventriculostomy was performed in 19 patients; 22% of deep tumors
Rates of Morbidity and Complications
Improvement in preoperative neurological deficits and level of consciousness was seen in 36% and 34% of the children, respectively. At 1 week following surgery, new or increased deficits were present in 14% of the children, with 7% experiencing a diminished sensorium. Other postoperative complications were rare: infection, hematoma, and CSF fistula each occurred in 1.7% of cases. The rate of morbidity was unrelated to the operative technique, instrumentation, or extent of surgical resection.
Progression-Free Survival and Overall Survival
Both univariate and multivariate Cox lifetable regression analyses demonstrated that radical resection (> 90%) was significant for improved PFS with a relative risk of 2.03 (95% confidence interval 1.31-3.13) for less radical resection (Tables 3 and 4 ).
This advantage was independent of patient gender, age, race, and tumor location. Within the hemispheric tumors, neither polar or nonpolar locations influenced the extent of tumor resection or the duration of PFS. Neither chemotherapy regimen demonstrated a superior PFS or OS rate. [17] The amount of residual disease (< 1.5 cm or >= 1.5 cm maximum dimension) measured on CT scanning was not significant for the PFS or OS rate. The pathological diagnosis of GBM and male gender were the only other significant variables affecting the length of PFS; both were associated with shorter PFS times.
Kaplan-Meier PFS curves for the extent of tumor resection are shown in Fig. 1. Figure 1 upper demonstrates the duration of PFS among all patients with malignant astrocytomas confirmed by centralized pathological review. The 5-year actuarial PFS rate was 35 ± 7% following radical (> 90%) resection compared with 17 ± 4% after lesser (¾ 90%) resection (p = 0.006). The graphs in Fig. 1 center and lower show the duration of PFS in children older than 3 years who have AAs and GBMs, respectively, without evidence of metastatic disease at diagnosis. Radical resection of an AA was associated with a 44 ± 11% 5-year PFS rate compared with a 22 ± 6% 5-year PFS rate after a lesser (¾ 90%) resection (p = 0.055). Glioblastomas multiforme were associated with a 26 ± 9% 5-year PFS rate after radical resection compared with 4 ± 3% 5-year PFS after lesser resection (p = 0.046). Fig. 1 . Graphs displaying Kaplan-Meier PFS curves for the extent of tumor resection. Upper: Duration of PFS among all patients with AA or GBM confirmed by centralized pathological review. Center: Duration of PFS in patients with AA confirmed by centralized pathological review. Lower: Duration of PFS in all patients with GBM confirmed by centralized pathological review.
DISCUSSION
The benefits of radical surgical resection in patients with malignant astrocytomas are controversial. In their review of the literature Nazzaro and Neuwelt [35] noted that the majority of reports that have formed contemporary attitudes and recommendations on the value of surgical resection did not include statistical methods in study design or data analysis. The initial impetus for aggressive surgery was based on results from single-institution surgical series collected over a long period of time. [2, 3, 18, 20, 22, 25, 26, 34, 40, 42] These retrospective reports showed a benefit of radical surgery on survival rates; however, the studies were prone to selection bias and failed to control for important characteristics including patient age and functional status and the tumor's location and histological characteristics, thereby rendering the studies' conclusions suspect. Further limitations on analysis of single-institution series are imposed by patterns of referral, incomplete follow-up information, and other missing data.
Cooperative group trials have primarily focused on the adult population; the impact of surgery on the length of survival has not been consistent among these trials. [8, 19, 44, 49] The Brain Tumor Study Group found that patients who underwent gross-total resection with lobectomy lived longer than patients who underwent gross-total resection alone and that both of these groups had improved median survival times compared with patients who underwent only a biopsy. [19, 49] Yet, when submitted to multivariate analysis, the extent of surgical resection lost its statistical significance. A review of serial Radiation Therapy Oncology Group trials found a patient survival advantage to maximum surgical resection, but failed to control for tumor location. [36] The Southwest Oncology Group did not find an advantage to surgery in a study that controlled for patient age and functional status and the pathological characteristics of the tumor. [16] Only a small proportion of the overall population of adult patients with malignant astrocytomas has been entered into these studies. In addition, patients included in the studies had to be in good medical condition with a high Karnofsky Performance Scale score. Thus, study populations were inherently nonrepresentative of the spectrum of malignant astrocytomas. Maximum surgical resection prior to the trial of adjuvant therapy was the intent of the Brain Tumor Study Group, [19, 49] but not of the protocols of the Radiation Therapy Oncology Group. [8] It is difficult to draw conclusions about cytoreductive surgery from these reports because of these inherent selection biases in the study populations as well as varying surgical philosophies and goals, selection of different prognostic variables for data analysis, and the construction of different statistical models.
Although the primary aim of the CCG-945 protocol was to examine the relative efficacy of two chemotherapy regimens, the prospectively collected data were stratified to allow additional analysis of the influence of surgery on PFS and OS. The most significant prognostic variable was radical surgical resection. The impact of cytoreductive surgery was observed for the entire study population, as well as for the subgroups of children with AAs and GBMs, as determined by either the institution's centralized review of the pathology. This analysis confirms the survival advantage for patients who undergo radical resection noted in a smaller previous CCG randomized study of children with malignant astrocytomas. [46] Our patient population differs in several important respects from those included in previous studies. First, over half of the children with malignant astrocytomas anticipated to occur within the population base served by CCG institutions (CCG tumor registration files, 1994) were enrolled in this study. The 172 children represent the largest prospective study of malignant astrocytomas of childhood to date. This provides a diverse study group fully representative of the spectrum of these pediatric neoplasms.
Patient age and functional status are factors known to have a positive influence on the length of survival. [8, 12, 16, [18] [19] [20] 23, 30, 35, 36, 41, 49] Our patients were not preselected for functional status and were representative of the entire pediatric cohort eligible for radiation therapy with similar numbers of patients in each hemidecade ( Table 1) . Reports of improved survival benefit for radical resection of malignant astrocytomas have been criticized for a basis in selecting out younger patients (among a population of adults) with better functional status. [10, 30, 35, 41, 50] There was no difference in survival rates among patients when age was compared by hemidecade (¾ 5, 6-14, and >= 15 years). The biological characteristics of malignant astrocytomas treated by radiation and chemotherapy appear to be independent of age (excluding infancy) for the first two decades of life.
The third difference was that analysis of the extent of surgical resection was controlled for tumor location. Multivariate analysis demonstrated resection as an independent prognostic variable. Even among the hemispheric tumors, polar tumor location, as opposed to a nonpolar location, did not influence the extent of surgical resection or length of PFS. The final difference between our results and those of prior studies was the availability of detailed information concerning surgical management, morbidity, and complications.
Devaux, et al., [12] reviewed the cases of 263 adults and children with malignant gliomas that were resected or obtained at biopsy by a single surgeon who used uniform techniques over a 5-year period. The analysis was stratified according to patient age, Karnofsky Performance Scale score, location of the tumor, its pathological characteristics, and the use of postoperative radiation therapy. The authors found a significant increase in median survival times for patients with GBMs, but not for those with AAs, who had undergone gross-total resection compared with biopsy. Similar to our patients, complications in those patients were few.
Winger and colleagues [50] reported an analysis of 285 adults with supratentorial AA consecutively treated at a regional cancer center. Although retrospective in design, their study is similar to the present report, in that it had the advantage of accruing all patients within a large population base; maintaining prospectively compiled, complete detailed records; and providing a uniform approach to the initial therapy. In these unselected patients, the extent of surgical resection, which was corrected for accessibility (that is, tumor location) was significant with respect to survival duration, independent of all other prognostic variables. Patients who had undergone gross-total resection lived significantly longer than those who had partial resections. In contrast to our patients, any degree of resection conferred a survival advantage over biopsy.
The prognostic importance of the extent of tumor resection has been previously correlated with the appearance of residual tumor on postoperative CT scanning. [32, 52] We could not confirm this relationship in our patients. The study design, created in the early 1980s, did not stratify patients according to radiographic evidence of residual disease or provide for uniform central review of postoperative radiographs in all patients. Further complicating any attempt to analyze the impact of residual tumor observed on radiographs was the interval between surgery and postoperative imaging; the average time from resection to CT scanning was 6 days in our study. Authors of both animal [24] and clinical reports [6, 7, 9] have recommended performing CT scans within 2 to 4 days of surgery, to avoid spurious enhancement from the development of reactive neovascularity and breakdown of the blood-brain barrier in the tumor bed. Even with early scans, enhancement may occur in biopsy-negative resection margins of pediatric brain tumors only to disappear on subsequent studies. [47] Magnetic resonance imaging and computerized calculation of residual volume may prove to be a more precise method of documenting the extent of tumor resection and predicting outcome. This should be investigated in future protocols.
The management of our patients represents a cross section of current neurosurgical philosophy and technique. Neurosurgeons from 60 institutions who treat adults and children participated in this study. Radical resection was performed in half of the hemispheric tumors. The presence of new neurological deficits in 14% and diminished sensorium in 6% is higher than reported by institutional series. [9, 12, 28] This may be an artifact of collecting data early in the postoperative period, before patients could fully recover from the insults of surgery.
The correlation between the extent of tumor resection and PFS rates should prompt neurosurgeons to attempt radical resections in almost all children. Although the majority of operations used contemporary technology, including magnification, ultrasonic aspirators, and intraoperative ultrasound, many patients underwent a resection procedure that was technically no different from that used three decades ago. In the presence of significant residual tumor following an initial resection, a second operation must be considered. Ciric and coworkers [9] have shown that more than 85% of hemispheric astrocytomas are amenable to radical resection, with only a 3% morbidity rate. Routine use of stereotactic techniques [12, 28] and functional monitoring [4] has permitted radical resection to be performed in deep tumors and eloquent brain locations with similar low rates of new deficits.
CONCLUSIONS
The outcome for children with malignant astrocytomas remains poor. Radical resection with preservation of neurological function is the optimal surgical treatment modality. Future use of stereotactic and functional techniques may extend radical cytoreductive surgery to deep tumors. The demonstration of a survival advantage to radical resection should prompt neurosurgeons to approach all malignant pediatric astrocytomas with the same aggressive attitude and operative techniques as they would use for benign, low-grade astrocytomas of childhood. [21, 31] 
